-Calcitonin is known to stimulate Ca2+ reabsorption and natriuresis and to increase adenosine 3',5'-cyclic monophosphate levels in early distal tubule, but its effects on acid-base transport mechanisms are not well characterized in this segment. We found that recovery of cell pH (pHi) from an induced acid load (using NH:) in single isolated segments of the initial portion ("bright") of the rabbit distal convoluted tubule (DCTb) was due to an ethylisopropylamiloride-sensitive Na+/H+ exchanger both in the absence and presence of HCO,, but we found no evidence for participation of other mechanisms such as an H+ pump or an HCO,-dependent mechanism. Introduction of calcitonin stimulated an Na+-independent, HCO,-dependent mechanism (0.17 t 0.04 pH units/min, n = 14) that reestablishes normal pHi after an induced acid load. This mechanism was observed only in the presence of COJEKO, and was not inhibited by N-ethylmaleimide (1 mM), 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (200 PM), or Sch-28080 nor stimulated by glutamine (2 mM) or ketoglutarate (0.5 mM), but it was dependent on chloride. We conclude that, in the DCTb, salmon calcitonin activates a latent Na+-independent, HCO,-dependent mechanism.
distal tubule; bicarbonate transport; sodium/proton exchange THERE IS CONVINCING EVIDENCE that the distal nephron plays an important role in the regulation of acid secretion (20, 21) . Much of the information concerning the H+ and HCO, mechanisms involved in distal tubule acid-base regulation comes from studies on isolated perfused cortical collecting ducts (CCD) (22, 40, 42) , which contain two major cell types, the principal cell and the intercalated cell. There is now abundant evidence that principal cells are implicated in Na+ reabsorption, whereas intercalated cells transport H+ and HCO,. By contrast, relatively little is known about H+ and HCO, transport in the earlier portions, i.e., the distal convoluted tubule (DCT) and the connecting tubule (CNT).
The distal nephron is a highly heterogeneous segment and includes at least four cell types. The pattern of distribution of these cells varies from one species to another. The initial part of the rabbit DCT, designated as the "bright" distal tubule (DCTb), is composed of a single cell type, designated simply as distal tubule cells (17,lS) . In this segment, only calcitonin and vasoactive intestinal peptide are known to evoke an increase in cell adenosine 3'5'~cyclic monophosphate (CAMP) content (8, 15, 16), although it is not known which transport processes are affected by this stimulation of CAMP or how it may be linked to the other known effects of calcitonin in DCTb, namely, stimulation of natriuresis (35), cell hyperpolarization due to stimulation of Clconductance (14), and stimulation of Ca2+ reabsorption, which depends on this change of membrane potential (11, 12) . To date, there have been very few studies designed to characterize H+ and HCO, transport processes in DCTb cells and their possible regulation by CAMP In this regard, a recent study of HCO, reabsorption in the DCT of the rat showed that it is mediated by an Na+/H+ exchanger (43). Other studies investigated transport processes in cultured distal tubular cells (3, 14, 27) .
The present study was undertaken to see whether CAMP stimulation has an effect on acid or base transport mechanisms in the single cell type present in intact rabbit DCTb. We therefore used calcitonin to stimulate CAMP and measured changes of intracellular pH (pHi) by fluorescence microscopy.
Some of these results have been presented previously in abstract form (9).
METHODS
DCTb (n = 107) were microdissected from kidneys of male New Zealand White rabbits weighing l-l.5 kg. Animals were killed with an intravenous dose of pentobarbitone sodium (100 mg/kg). The kidney was removed immediately, and DCTb segments from the DCT were microdissected as previously described (8, 15, 23) . Individual segments (0.2-0.6 mm length) were transferred onto a glass slide in a cold sodium-N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Na-HEPES) solution (pH 7.4 at 4°C) containing 2 mM glucose. Previous studies have shown that local release of prostaglandin E2 and adenosine inhibit salmon calcitonin @CT&induced CAMP accumulation (15). To prevent this, indomethacin (5 JLM) and adenosine deaminase (5 PM), inhibitors of prostaglandins and adenosine synthesis, respectively, were added to the solution used for perfusing the kidney and isolating the segments. Cells were loaded with 2',7'-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) by exposing the tubule to 5 PM of the acetoxymethyl ester of BCECF for 45 min at room temperature.
The tubule was fixed on a glass coverslip by transferring it to 1 JL~ of Na-HEPES solution containing 1% agarose and then cooled rapidly to 4°C. The coverslip was glued to a steel chamber mounted on an inverted Nikon microscope stage equipped with a x40 magnification fluorescent oil-immersion objective. The tubule was constantly superfused, and the solutions and chamber were maintained at 37°C.
pHi was determined by dual-wavelength excitation at 450 and 500 nm while measuring the fluorescence emission using a PTI photoscan system. A 510-nm dichroic mirror was used and a 530-nm band-pass filter was placed immediately before 
RESULTS
We adopted a commonly used approach for studying pHi regulatory mechanisms; namely, we exposed the tubules to an acute acid or base load and monitored the subsequent recovery of cellular pH toward its initial levels (29). In the present study, acid load in single Inset: a typical effect of ethylisopropylamiloride (EIPA) inhibition of the Na+-dependent pHi recovery mechanism; conditions were similar to those at traces e-fandj-k. PHi recovery from an acid load under bicarbonate-free conditions. A typical pHi recovery in DCTb superfused with HCO,-free media is shown in Fig. 1 . Tubules were exposed to NH,&1 (30 mM) for 1 min, inducing a transient increase in pHi (Fig. 1 , trace a-c). When NH&l was subsequently removed by substitution with Na+-free medium (0 Na), we observed an acidification of -1.0 pH unit (trace c-d), and perhaps surprisingly, no pHi recovery could be observed (trace d-e). The reintroduction of external sodium induced a rapid pHi recovery toward its initial value (trace e-f). The tubule was reexposed to NH&l, and pHi recovery from the acid load could again be observed only in the presence of Na+ (trace j-k). This pattern of pHi recovery was consistent (n = 27 tubules) and indicates that pHi recovery after an acid load is mediated by a highly active Na+-dependent mechanism.
The initial rate of recovery had a value (mean t SD) of 1.42 t 1.06 pH units/min at a pHi of 6.30 5 0.06 (n = 27). The introduction of the amiloride derivative EIPA (60 nM) in the Na+-containing medium resulted in a significant inhibition of pHi recovery (0.457 t 0.3; n = 6, P < 0.01; see inset to Fig. 1 ). These data are consistent with mediation of the recovery by an Na+/H+ exchanger. The absence of Na+-independent H+ extrusion under these conditions argues against participation of an active H+ pump in the DCTb. A similar pattern of pHi recovery from an acid load was previously observed in rabbit cortical CNT and CCD (lo), but this is the first report on intact DCTb segments.
It has been pointed out (30) that amiloride, and possibly EIPA, can quench the fluorescence of BCECF, which could compromise interpretation of the results just presented. report that the ratio of emission at the two wavelengths was unaffected by the quenching, but although their warning is well taken that an overall reduction of signal strength due to such quenching may compromise interpretation if signal strength is marginal, such was not the case here. In addition, we did not observe any pHi recovery in the presence of HCO,. Upon exposure of tubules to NaHC03 (25 mM) + COz (5%) media (pH 7.4), we observed a rapid acidification ( Fig. 2A , trace a-b), attributable to CO2 entry and its hydration to H+ and HCO,, which attained a plateau with a mean value of 6.85 t 0.2, down from the pre-HCO, value of 7.15 t 0.15 (n = 40). Subsequent removal of CO,/HCO, resulted in a return to the initial pHi (traces c-d and f-g). No recovery from this acid load was observed as long as CO,/HCO, was present. The lower steady-state pHi observed in the presence of CO,/HCO, could be the result of H+ formation (subsequent to CO2 influx) in excess of proton extrusion. To test this possibility, we studied the effect of exposing the tubule to COJHCO, under conditions in which the gradient for Na+/H+ exchange was reversed by the removal of external Na+. Figure 2B shows the further acidification that results from this maneuver (trace c-d).
Having established (Fig. 2B ) that an Na+-dependent proton extrusion process is still operative and prevents pHi from falling to even lower steady-state values in the presence of COz/HCO,, we then repeated the NH&l acid load challenge in the absence and presence of COJ HCO,. As illustrated in Fig. 3 , the pattern observed in the presence of CO,/HCO, was similar to that under HCO,-free conditions; namely, there was no recovery of pHi from an acid load in the absence of Na+, but when Na+ was reintroduced, pHi recovered rapidly to its initial level at a rate of 1.82 t 1.2 pH units/min (n = 23), which was not significantly different from the rate observed in HCO,-free media (1.42 t 1.06, n = 27).l Addition of 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS, 200 PM), a ClYHCO~ exchange inhibitor, did not inhibit this mechanism (1.52 t 0.6, n = 10, not significant), but addition of EIPA (60 nM) did inhibit the Na+-dependent phase (0.543 t 0.4, n = 6, P 5 0.05; results not shown).
Effect of calcitonin.
Figures 4 and 5 illustrate the effect of SCT on pHi recovery from an acid load. First (Fig. 4) , in the absence of CO,/HCO& the tubule was l The fact that these two rates of pHi recovery are not different does not imply here that the rates of proton transport are identical, since buffer strength is different in the two cases. transiently exposed to NH&l, which upon removal induced the expected acidification followed by pHi recovery upon reintroduction of Na+ (see Fig. 1 ). Then, calcitonin (10 rig/ml) was added in the presence of isobutylmethylxanthine, a phosphodiesterase inhibitor (lOA M), and the tubule was then reexposed twice to an NH&l pulse. In the nominal absence of CO,/HCO,, the only change after exposure to SCT was a reduction of the initial rate of the Na+-dependent pHi recovery, which was not evident visually on the scale of Fig. 4 but was calculated to be 1.61 t 0.43 pH units/min before and 1 16 + 0 31 pH units/min after exposure to SCT -.
(n = 14 paired experiments; means t SD, P 5 0.01). The tubule superfusion fluid was then changed to one containing CO@ICO, (Fig. 4) , and we repeated the same three-step protocol twice (in the same 14 tubules). Interestingly, in the presence of COz/HCO,, SCT stimulated an Na+-independent pHi recovery mechanism (traces i-k and m-o). The initial rate of this mechanism increased significantly with time as seen in the subsequent acid pulses (trace i-k, 0.075 pH units/min; trace m-o, 0.207 pH units/min).
Similar results were observed in 14 tubules, with a mean rate for the Na+-independent mechanism of 0.17 t 0.04 pH units/min (an order of magnitude less than the Na+/H+-mediated recovery reported above).
We also tested the effect of SCT in the constant presence of CO,/HCO,.
The tubules were repeatedly exposed to an acid load both before and after exposure to SCT (Fig. 5) . We again observed that SCT elicited an Na+-independent pHi recovery from the acid load. As before, this effect increased with subsequent exposures (traces l-m and n-o). Addition of N-ethylmaleimide (NEM, 1 mM; n = 5), DIDS (200 PM, n = 7), or Sch-28080 (60 n.M, n = 3), did not affect this SCT-stimulated alkalinization. However, nominal depletion of cellular Cl-by replacement with gluconate several minutes before introduction of calcitonin did significantly reduce the rate of the SCT-induced pHi recovery (0.128 t 0.06 vs. 0.018 t 0.01, control vs. Cl-free; n = 3, P < 0.05) (typical result is shown in the inset to Fig. 5) .
Speculating that the calcitonin effect may be due to a DIDS-insensitive ClVHCO, exchanger such as has been reported in CCD (32,33), we also tested the effect of acute removal of external Cl-(gluconate replacement). Figure 6A illustrates the lack of any discernible effect of acute removal of external Cl-on resting pHi in the absence of calcitonin (n = 3). However, after introduction of calcitonin, the same maneuver led to of pHi (ApHi = 0.15 t 0.06, n = 5). A typical response is shown in Fig. 6B .
To assess the possibility of dependence of this mechaalkalinization of pHi (ApHi = 0.15 t 0.06, n = 5). A typical response is shown in Fig. 6B . nism on ammoniagenesis, we added glutamine (2 mM) or ar-ketoglutarate (0.5 mM), both known to stimulate ammoniagenesis.
There was no modification of the SCT stimulation of the pattern of pHi recovery from an acid load in the presence of HCO, (control, 0.15 t 0.03 vs. 0.12 t 0.04; n = 6), suggesting that the SCT-induced
To assess the possibility of dependence of this mechanism on ammoniagenesis, we added glutamine (2 mM) or ar-ketoglutarate (0.5 mM), both known to stimulate ammoniagenesis.
There was no modification of the SCT stimulation of the pattern of pHi recovery from an acid load in the presence of HCO, (control, 0.15 t 0.03 vs. 0.12 t 0.04; n = 6), suggesting that the SCT-induced Na+-independent pHi recovery is not mediated by ammoniagenesis.
Na+-independent
pHi recovery is not mediated by ammoniagenesis.
Taken together, these results clearly show that exposure to calcitonin stimulates an Na+-independent, HCO,-dependent mechanism active at resting pHi ( Fig.  6 ) and capable of raising pHi back toward initial values after an acid load (Figs. 4 and 5 ).
DISCUSSION DISCUSSION
The distal tubule plays an important role in regulatThe distal tubule plays an important role in regulating acid secretion (20, 21) . This tubule is heterogeneous ing acid secretion (20, 21) . This tubule is heterogeneous and consists of three main segments, the DCT, the CNT, and consists of three main segments, the DCT, the CNT, and the collecting duct. Several studies (see Ref. 7 CCD, but relatively little is known about the mechanisms of acid secretion in the DCT and the CNT (4,10, 43). The present study was designed to identify transport processes involved in pHi recovery from an acid load in single isolated superfused segments from rabbit DCTb. We used calcitonin to stimulate CAMP production.
Our results show thatsin the absence of HCO, in the media, pHi recovery from an acid load in DCTb is solely mediated by a highly active Na+-dependent H+ efflux, which rapidly raises pHi back toward its initial level. This phase was substantially inhibited by EIPA, an amiloride derivative known to inhibit the Na+/H+ exchanger. Furthermore, there was no pHi recovery in the absence of both external Na+ and HCO, (8). These results are thus in accord both with those of Bidet et al. (3, 4) , who reported a basolateral Na+/H+ exchanger in cultured rabbit DCTb cells, and with those of Wang et al. (40), who suggested the participation of an apical Na+/H+ exchanger from their micropuncture results showing bicarbonate transport in the early distal tubule of rat. Our technique does not distinguish the presence of this transporter on the apical or basolateral side.
In the presence of HCO,, on the other hand, our conclusion that the Na+/H+ exchanger is the major mechanism of pHi recovery from acid load and that HCOT-dependent transporters do not seem to be involved in this recovery, although somewhat surprising, is supported by the following observations. First, the acidification due to CO2 entry upon exposure of tubules to COJHCO, was not followed by a return to the initial pHi (Fig. 2) . Second, when tubules incubated in HCO,-containing media were acid loaded by transient exposure to NH&l, pHi recovery was observed but only in the presence of Na+ (Fig. 3) . These two results strongly suggest that HCO,-dependent transport processes do not normally contribute to pHi recovery from an acid load in this segment but that an Na+/H+ exchanger does participate both in the absence and presence of HCO,.
The failure of pHi recovery in the absence of Na+ or in the presence of the amiloride derivative EIPA suggests that Na+-independent mechanisms such as an active H+ pump do not contribute significantly to acute pHi recovery either in the presence or absence of COd HCO,. Similar results were observed in rabbit DCTb cultured cells (4), in CCD (lo), and in P-intercalated cells of CCD (41). However, in the rat, Wang et al. (40) reported the contribution of vacuolar type H+-adenosinetriphosphatase (H+-ATPase) to bicarbonate reabsorption in both early and late distal tubule. It has also been suggested that in the CCD of rat, H+ pump activity is regulated by insertion or removal of pump units into or from the plasma membrane (34). The exocytosis and endocytosis are affected by the level of external COB. This process does not seem to be present in the single cell type of the rabbit DCTb.
We found that the addition of calcitonin inhibits the activity of the Na+/H+ exchanger, which is to be expected, since SCT is known to stimulate CAMP (8, 15), which, in turn, is known to inhibit this exchanger (31).
The novel finding of this study is that SCT stimulates an Na+-independent, HCO,-dependent mechanism that reestablishes normal pHi after an acid load (Fig.  4) . Since this pHi recovery from acid load could be mediated by any of several HCO,-dependent transport systems, we used inhibitors to test for an H+ pump, for HCO, transporters, and for an H+-K+-ATPase, and we also tested for a contribution from ammoniagenesis. Three HCOT-dependent transport systems have been reported in the nephron, i.e., an Na+-dependent Cl-/ HCO, exchanger, an Na+-HCO, cotransporter, and an Na+-independent ClYHCO, exchanger (2, 5). All of these systems are generally known to be blocked by stilbene derivatives such as DIDS except for the Na+-independent ClYHCO, exchange in P-intercalated cells of CCD (42). The fact that the SCT-stimulated mechanism does not require the presence of external Na+ excludes the participation of the Na+-dependent mechanisms, but an Na+-independent ClVHCO, exchanger may be a likely candidate. For pHi above 7.2, chemical gradients for Cl-and HCO, both favor HCO, exit in exchange for Cl-entry, i.e., cell acidification. Several studies showed participation of ClYHCO, exchange in the recovery of pHi from alkaline loads (6, 25) Fig. 5 ) and that acute removal of external Cl-led to abrupt cell alkalinization in the presence but not in the absence of calcitonin (Fig. 6) .
On the other hand, the addition of DIDS was without effect on this pHi recovery. This lack of inhibition by a specific inhibitor is generally interpreted as an absence of transporter, but it could be due to insensitivity of the transporter to DIDS, as has been reported for the CCD. That is, in the CCD, two types of ClVHCO, exchanger have been reported to participate in homocellular pHi regulation, specifically, a stilbene-sensitive band 3 anion exchanger and a stilbene-insensitive exchanger (32, 33,42). These two proteins have different pH sensitivities; the DIDS-sensitive exchanger is inhibited at pHi below 7.1 (28), whereas the insensitive transporter remains active for pHi as low as 6.5 (41). Thus the observed behavior is consistent with activation of a DIDS-insensitive Cl-RICO, exchanger by SCT, although its presence remains speculative.
Other possibilities also exist. For example, the pHi recovery stimulated by SCT could be due either to the fusion of H+ pump units into the plasma membrane and parallel stimulation of Cl-conductance when the cell is exposed to COZ and SCT (14, 35) or to the activity of H+-K+-ATPase. However, lack of inhibition by NEM, reported to inhibit vacuolar H+-ATPase in different segments (1, 13, 24, 36) , argues against the first possibility, and lack of inhibition by Sch-28080 argues against participation of an H+-K+-ATPase. Yet another possibility is that the calcitonin-induced mechanism responsible for pHi recovery from acid load may be a consequence of something other than the activation of transport mechanisms; it could stem from some metabolic event such as the activation of ammoniagenesis, leading to the production of carboxylate anions that chelate H+. Thus the acid load induced by transient exposure to NH&l would be trapped by the production of carboxylate anions (38). However, the addition of ar-ketoglutarate, an agent known to stimulate ammoniagenesis, did not induce a similar pHi recovery mechanism, thus arguing against the involvement of ammoniagenesis.
The nature of the transport mechanism induced by calcitonin that supports pHi recovery from an acid load is thus not yet clear, but we favor the hypothesis that SCT could stimulate HCO, transport via a ClVHCO, exchanger insensitive to stilbenes. Under the artificial acid load induced by our experimental conditions, both Cl-and HCO, gradients favor HCO, entry via such an exchanger, which is consistent with our observation. However, under a wide range of normal pHi and with the assumption of a neutral exchanger with a stoichiometry of l:l, Cl-and HCO, gradients are poised to run such an exchanger in the direction of HCO, exit from the cell; so, if located in the basolateral membrane, it could participate in distal reabsorption of HCO, under conditions of metabolic acidosis. If, on the other hand, it is located in the apical membrane, then it would have a more reasonable role as a participant in HCO, secretion, which would be adaptive under conditions of metabolic alkalosis. Given that calcitonin is known to be increased in metabolic acidosis (19), this physiological argument is in favor of a basolateral location, but this speculation is of course open to confirmation in further studies. This suggestion may bear on the relation, if any, between the effects of calcitonin on Ca2+ reabsorption and CAMP stimulation. In this vein, it is known on one hand that metabolic acidosis is associated with hypercalciuria (19), with a decrease in calcium relative to sodium reabsorption occurring in the distal tubule (37). On the other hand, parathyroid hormone-induced hypercalcemia induces sustained metabolic alkalosis of renal origin (26). Further studies will be required to answer these questions. 
